The histidine imidazole ring in proteins usually contains a mixture of three possible tautomeric states (two neutral -s and p states and a charged state) at physiological pHs. Differentiating the tautomeric states is critical for understanding how the histidine residue participates in many structurally and functionally important proteins. In this work, one dimensional 15 N selectively filtered 13 C solid-state NMR spectroscopy is proposed to differentiate histidine tautomeric states and to identify all 13 C resonances of the individual imidazole rings in a mixture of tautomeric states. When 15 N selective 180°pulses are applied to the protonated or non-protonated nitrogen region, the 13 C sites that are bonded to the non-protonated or protonated nitrogen sites can be identified, respectively. A sample of 13 C, 15 N labeled histidine powder lyophilized from a solution at pH 6.3 has been used to illustrate the usefulness of this scheme by uniquely assigning resonances of the neutral s and charged states from the mixture.
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Introduction
Histidine is an essential residue in many proteins [1, 2] . With its imidazole ring serving as a general base when it is neutral and serving as a general acid when in its charged form, it participates in enzyme catalyzed reactions, assists in stabilizing protein structures, mediates proton transfer and so on. The imidazole side chain has a pK a of approximately 6, which means it plays active roles at physiologically relevant pHs, where a small shift in pH will affect protonation of the imidazole ring. When it acts as a proton shuttle, the basic nitrogen on its imidazole ring can take up a proton to form a charged intermediate, then give up a proton to a solvent molecule before returning to the uncharged state, potentially shuttling a proton from one side of a membrane to the other. For instance, the set of four histidine side chains in the pore of the tetrameric M2 protein from Influenza A virus is the heart of H + conductance responsible for H + selectivity, pH activation and interactions with the W41 gate through the protonation and deprotonation of the H37 imidazole rings [3, 4] . Therefore, differentiating the tautomeric states is critical for understanding how the histidine residue plays its structurally and functionally important roles in proteins.
There are three possible tautomeric states for histidine (Scheme 1). At higher pH values, two neutral tautomers can exist: the s tautomer with non-protonated N d1 and protonated N e2 , and the p tautomer with protonated N d1 and non-protonated N e2 .
While at lower pH values, the imidazole ring becomes charged with both N d1 and N e2 protonated. At physiological pH values different tautomeric states often coexist providing an important indication of the biological processes that are taking place in a system. NMR spectroscopy is an effective approach for detecting different tautomeric states of histidine. However, in biological systems, the situation is complex -both 13 C and 15 N chemical shifts of the histidine residue are very sensitive to its tautomeric states, hydrogen bond lengths, the chemical environment of the imidazole rings and the backbone structure of the protein. Indeed, the 13 C chemical shift range tabulated in the BioMagRes Databank has a range of 17 ppm for the C c site, 48 ppm for the C d2 site and 40 ppm for the C e1 site. Moreover, the resonance linewidths are highly dependent on the dynamic and proton exchange properties of the imidazole rings and consequently signals from different tautomers can be severely overlapped making it almost impossible to identify different tautomeric states based on the known benchmarks from the histidine amino acid [5] [6] [7] . Here, we propose 15 N selectively filtered 13 N. However, the dipolar coupling between the protonated nitrogen and its bonded proton is much stronger than that between the non-protonated nitrogen and its closest proton, so that the CP dynamics for the protonated and non-protonated nitrogen are rather different. As a result, the magnetization for the protonated nitrogen can be built up very quickly, while the signals for the non-protonated nitrogen require a much longer CP contact time to buildup. In light of short proton spin relaxation time in the rotating frame (i.e. T 1q ), which is commonly observed in many proteins, it is rather inefficient to polarize the non-protonated nitrogen signals. Although spin-locking the proton magnetization along the magic angle can lengthen the T 1q value by a factor of two or three to improve the CP efficiency [10] , it is necessary to perform CP variable contact time experiments to analyze the CP dynamics in order to accurately quantitate the protonated and non-protonated nitrogen signals [10] . However, when the population of the neutral tautomeric states is low, it is difficult to observe the non-protonated nitrogen signals [3] even if the CP contact time is long. Secondly, the resonances may overlap. For the neutral tautomeric states, the protonated nitrogen also exist (N e2 for s tautomer and N d1 for p tautomer). These protonated nitrogen signals may overlap with the nitrogen signals from the charged tautomer. Therefore, it is necessary to subtract the protonated nitrogen signals contributed from neutral tautomers in order to accurately calculate the total signals from the charged tautomer, which is an impossible task with current one dimensional (1D) spectra. Twodimensional (2D) heteronuclear 15 N- 13 C correlation spectra are required, often combined with other correlation spectra such as 13 C- 13 C correlations, to make resonance assignments. Such experiments are time-consuming. Site specific labeled histidine has to be used to differentiate signals from N e2 and N d1 , which is costly.
In this paper, we propose nitrogen selectively filtered 13 C NMR spectroscopy to differentiate tautomeric states of histidine. In NMR, 13 C is known to be more sensitive than 15 N. Therefore, observing 13 C instead of 15 N provides much needed sensitivity for detecting different tautomers, while protonated or non-protonated nitrogens are used to select different 13 C signals. More importantly, the CP dynamics for each carbon site in the histidine tautomers is similar, so that there is no concern about CP efficiency for seeing different tautomeric states. The advantages of this method will be demonstrated by using a histidine powder sample lyophilized from a solution at pH 6.3. The lyophilized histidine powder was packed into a 3.2 mm MAS rotor.
Materials and methods

Preparation of histidine powder sample
NMR spectroscopy
All MAS NMR spectra were acquired on a Bruker Avance 600.1 MHz NMR spectrometer using a NHMFL 3.2 mm Low-E triple-resonance biosolids MAS probe [11, 12] . The sample spinning rate was controlled within 13.5 kHz ± 3 Hz by a Bruker pneumatic MAS unit. The 13 C magnetization was enhanced through CP from protons with a contact time of 1 ms, during which a 1 H spin-lock field of 50 kHz was used and the 13 C B 1 field was ramped from 38 to 56 kHz [13] . The 13 C resonances of different histidine tautomeric states that are expected under various 1D experiments to be performed. We will explain in detail in the next section how the 13 C resonances from each tautomer can be differentiated based on these 1D experiments.
As shown in Scheme 1, each tautomer exhibits three carbons (C c , C d2 , and C e1 ) and two nitrogens (N d1 and N e2 ). Since C c is the quaternary carbon that does not have a directly bonded proton, its dipolar interaction with its closest proton is considerably weaker compared to the tertiary carbons (C d2 , and C e1 ) that have directly bonded protons. Thus a simple 13 C-1 H dipolar dephasing experiment [17] can be performed to differentiate C c from C d2 and C e1 . Since the traditional dipolar dephasing scheme becomes less efficient in terms of suppressing the protonated carbon signals under fast spinning rate, an efficient rotational-echo double resonance (REDOR) [18] based dipolar dephasing scheme is shown in Fig. 1a , while the double-quantum filtering (DQF) [19, 20] experiment can be used to select for directly bonded 13 C-13 C pairs identified using a short filtering time. Consequently, C c and C d2 resonances for all tautomers are identified. Fig. 1b (Fig. 1c) is the 1D version of the z-filtered transferred-echo double resonance (TEDOR) sequence for 15 N ALL -filtered 13 C spectra [21] . In the histidine imidazole ring, the bond length between the bonded C-N pairs is about 1.4 Å, while the next nearest C-N distance (i.e. N d1 -C d2 and N e2 -C c ) is about 2.2 Å. As indicated in the z-filtered TEDOR spectra [21] , at $1 ms TEDOR mixing time the covalently bonded NC cross peaks have maximum signals while the N d1 -C d2 and N e2 -C c cross peaks generate weak signals because of their longer distances. Therefore, by using $1 ms mixing time, we can effectively select for the directly 15 N bonded 13 C resonances without polarizing the carbons opposite to the nitrogen sites in the imidazole ring.
When the selective 180°1 5 N pulses are applied to the nonprotonated nitrogen region ($250 ppm), the magnetization for the non-protonated nitrogen will be additionally inverted so that any dipolar interactions between the non-protonated nitrogen and carbons will be refocused, leading to diminished signals for these carbons. The protonated nitrogens (in the region of $180 ppm) are not affected by these selective pulses and hence the signals for the carbons directly bonded to the protonated nitrogens remain. Similarly, the selective 180°1 5 N pulses applied to the protonated nitrogen region will suppress the protonated nitrogen bonded carbons while allowing the non-protonated bonded carbon resonances to be observed. observed in the traditional CPMAS spectrum (c.f. Fig. 2a ) suggest that there exist in this preparation two different histidine tautomers at pH 6.3. The spectrum with a 1 ms mixing time shows relatively uniform spectral intensity for the protonated and nonprotonated 13 C sites. While in the 15 N solid-state CPMAS NMR spectrum shown in Fig. 3a , the non-protonated 15 N peak at 248.7 ppm is much smaller than the other protonated resonances between 160 and 190 ppm at this given CP contact time (3 ms) owing to different CP efficiencies. Due to its high gyromagnetic ratio, 13 C has a much better CP transfer from protons, as compared with 15 N, even for carbon sites that are not directly proton-bonded. These two new peaks can be assigned to the C d2 carbons which are bonded to C c , while C e1 is bonded to N d1 and N e2 . However, none of the carbon resonances have yet to be assigned to specific histidine tautomeric states. Fig. 3b shows the REDOR based 15 N-13 C dipolar dephasing 13 C spectra using the pulse sequence in Fig. 1b N magnetization experiences an additional 180°flip in the z-axis so that the dipolar coupling generated by the REDOR sequence is refocused. As a result, there is no dephasing for those carbons that are bonded to the protonated 15 N. Since the 15 N selective 180°pulse does not affect the non-protonated 15 N sites, the recoupled dipolar interaction Table 1 13 C peaks for histidine tautomers observed under various experiments.
Results and discussion
Experiment being performed and ±2000 Hz, respectively, as compared to that at the offset center. On the other hand, the 15 N dipolar dephased 13 C peak at 139.5 ppm decreases in intensity as the 15 N offset is shifted further away from the non-protonated 15 N region. Therefore, the bandwidth for the 15 N selective 180°pulse is sufficient to cover the protonated chemical shift range, which is about 40 ppm, corresponding to 2400 Hz on the 600 MHz NMR spectrometer, while it has little effect on the non-protonated 15 N, which is more than 60 ppm (i.e. >3600 Hz on the 600 MHz) away from the protonated 15 N region. Fig. 5a shows the 15 N ALL -filtered 13 C spectrum for the aromatic region of the histidine powder sample using the pulse sequence diagramed in Fig. 1c from a charged state should appear. Fig. 5c shows two resonances, one of which represents C c at 139.5 ppm, as indicated in the dipolar dephased 13 C spectrum in Fig. 2b . Therefore, this signal at 139.5 ppm can be unambiguously assigned to C c of the s tautomer, while the other resonance at 137.3 ppm must be C e1 of the s tautomer. By comparing Figs. 2b and 5b, the other C c peak at 130.2 is assigned to the charged tautomer. Since the two peaks at 121.2 and 115.4 ppm are assigned to C d2 (c.f. Fig. 2) , the signal at 138.2 ppm in Fig. 5b can be assigned to C e1 of the charged tautomer.
So far we have assigned C c and C e1 to their respective s and charged tautomers. However, we have not yet assigned the two C d2 resonances to their specific tautomers. In Fig. 1c pulse sequence, there are two z-filters. When the second z-filter is set to a longer time such as D 0 to 4 ms, an extra transfer between 13 C's will take place either through 13 C-13 C spin diffusion under the dipolar assisted rotational resonance (DARR) condition [22, 23] or 13 C-13 C chemical exchange. Fig. 5d shows the 15 N nonHfiltered 13 C spectrum using D 0 = 4 ms. Clearly, the signal at 115.4 ppm starts to appear, indicating that this resonance must be C d2 of the s tautomer, since no carbon signal from the charged histidine is expected to go through the 15 13 C spectra will completely suppress the C e1 resonances from the s and p states. This gives rise to a positive C d2 resonance and a negative C c peak for the s tautomer, and results in a negative C d2 resonance and a positive C c peak for the p tautomer.
Conclusion
It has been demonstrated experimentally that one-dimensional 15 N selective filtered 13 C NMR spectroscopy provides an efficient way to differentiate histidine neutral and charged states by identifying the 13 C sites bonding with the protonated or non-protonated nitrogen in the imidazole ring of histidine. Unlike the spectral editing methods [24] that were designed to assign the 13 
